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Forward and Backward Motion of Replicative Polymerases and Their
Coupling with the Helicase
Vincent Croquette1, Maria Manosas1, Fangyuan Ding1, Michelle Spiering2,
Stephen Benkovic2.
1CNRS, Paris, France, 2Penn State, University Park, PA, USA.
While quantitative data has been obtained on helicases and polymerase work-
ing in primer extension, a detailed analysis of these polymerases in the strand
displacement configuration is missing. We investigate polymerases and their
helicase coupling in single molecule assays using a DNA hairpin in an unzip-
ping configuration. In this simple fork model we assist these enzymes by an
external force which provides a control parameter. If we apply 15 pN force
on both strands of the DNA hairpin, it opens mechanically. Modulating the
force between 0 and 15pN is a mean to assist a molecular motor opening
the fork and thus to replace a partner in the collaborative work. Using this
assay with different polymerases, we find that their exonuclease activity is
responsible for the generally accepted statement that they do not work in
strand displacement. We show that strand displacement polymerization is pos-
sible with if assisted.
This finding leads to a Cyclic Polymerase Assay where a polymerase is period-
ically switched from olymerization to strand degradation by force modulating.
Such an assay allows us to characterize the different polymerase phases (syn-
thesis and exonuclease phases) as a function of force and propose a minimal
model for T4 and T7 polymerases. Moreover, this assay can be used for a single
molecule version of the Sanger sequencing.
The same assay can also be carried out to study the coupling between helicase
and polymerase. We find that the coupled system is very efficient and advances
at maximum rate without showing any pauses or fork regression, in stark con-
trast to the case of the isolated polymerase. We explain these results by a col-
laborative model where both the helicase and the polymerase are described by
the Betterton-Julicher helicase model.
2844-Symp
The Price of Being Right: Transcript Elongation, Backtracking, and Post-
Incorporation Proofreading
Stephan W. Grill.
Max Planck Institute for the Physics of Complex Systems, Dresden,
Germany.
RNA polymerases have evolved a proofreading mechanism by which they
are able to remove copy errors already incorporated into the transcript.
Though the theoretical basis for calculating the fidelity gain was established
over 30 years ago, little is known of the effects of this mechanism on over-
all transcriptional performance. To address this we integrate kinetic proof-
reading with RNA chain elongation, and show that the fact that the
polymerase removes already inserted bases during proofreading puts strict
bounds on the achievable fidelity. Through stochastic modeling we elucidate
the precise interplay between transcriptional fidelity, velocity, and energy
consumption. We highlight how specific design choices are essential for
reaching the experimentally measured fidelity. Our work offers a functional
interpretation of the broad distribution of pauses times observed for tran-
scribing polymerases in terms of the direct consequence of an efficient tran-
scription process.
Symposium 21: Mechanotransduction at the
Cellular Level: Detection and Response
2846-Symp
TRP Channels and Cell Mechanosensitivity
Ching Kung.
University of Wisconsin, Madison, WI, USA.
All cells respond to osmotic and mechanical forces. The rapid responses are
attributed to certain ion channels. The prokaryotic MscL and MscS open by
bilayer stretch force to release solutes, relieving osmotic stress in rain. In eu-
karyotes, some members of the transient-receptor-potential channel superfam-
ily such as the TRPV4 of animals and TRPY1 of the budding yeast are
mechanosensitive. Rat TRPV4s in patches, excised from expressing Xenopus
oocytes, open instantly upon membrane stretch. This observation makes it un-
necessary to invoke a mechanosensitive enzyme that produces a ligand to open
TRPV4. Bone constantly gauges its weight load. Unloading osteoporosis de-
velops in bed-ridden patients or astronauts in microgravity. Mice deleted of
TRPV4 do not show unloading osteoporosis. Constitutive TRPV4 activities
due to "gain-of-function" mutations cause severe bone-development and other
problems in human. Recent findings on TRPV4 mutations will be reviewed.Whether the lipid bilayer or the cytoskeleton opens animal channels is an
interesting question. I will also review evidence, the bulk of which points to
a protective role of the cytoskeleton that prevents instead of causes channel
opening.
2847-Symp
Sensory Mechanisms in Mammalian Touch Receptor Cells
Ellen A. Lumpkin.
Columbia University, New York, NY, USA.
The sense of touch is critical for hand dexterity that allows mammals to recog-
nize and grasp objects. Different qualities of touch are encoded by sensory neu-
rons with distinct properties. Shapes and curvature are encoded by Merkel cell-
neurite complexes, which mediate slowly adapting type I (SAI) responses. Mer-
kel cells, which cluster in fingertips and other highly touch-sensitive skin areas,
are enigmatic epidermal cells first described in 1875. The role that these cells
play in SAI responses has been debated for 40 years.
Based on morphology, Merkel cells are proposed to be mechanosensory cells.
If so, Merkel cells should 1) transduce force into membrane-potential changes
that gate voltage-activated ion channels and 2) signal afferent neurons through
synaptic transmission. Functional studies testing these predictions in intact skin
have produced conflicting results. To tackle these questions, my laboratory uses
a combination of mouse genetics, in vitro systems and intact electrophysiolog-
ical recordings. Our in vitro studies have demonstrated that Merkel cells are in-
trinsically force-sensitive and that voltage-activated channels open downstream
of mechanical stimuli. Moreover, Merkel cells express numerous ion channels
and presynaptic proteins. Collectively, these results suggest that Merkel cells
are capable of serving as touch receptor cells and pave the way to discover
transduction mechanisms.
To determine whether Merkel cells are necessary for touch responses, we used
Cre-loxP technology to generate mice that completely lack Merkel cells in the
body skin. We then used an ex vivo skin-nerve preparation to survey the classes
of touch-sensitive afferents in the saphenous nerve. Although we found no sig-
nificant differences in nociceptive sensory fibers, we observed a complete loss
of SAI responses among light-touch receptors in mice lacking Merkel cells
compared with wild-type mice. These results demonstrate that Merkel cells
are required for appropriate sensory coding of light touch.
2848-Symp
Mechanotransduction and Developmental Control
Donald Ingber.
Harvard University, Boston, MA, USA.
This lecture will focus on the molecular basis of cellular mechanotransduction,
how mechanical forces contribute to embryogenesis, and how physical forces
influence tissue physiology. In addition, I will describe recent development
of novel human organ-on-a-chip microdevices that can be used to study cellular
mechanotransduction in a more physiologically relevant context.Minisymposium 4: Non-Equilibrium Statistical
Mechanics: Theory & Experiment
2850-MiniSymp
Thermodynamic Efficiency Out of Equilibrium
David Sivak, Gavin Crooks.
Lawrence Berkeley National Laboratory, Berkeley, CA, USA.
Much research effort focuses on understanding the thermodynamics, and in
particular the efficiency, of molecular-scale machines such as the linear motor
kinesin or the rotary F0F1-ATPase. Notably, molecular machines typically
operate far from thermodynamic equilibrium, limiting the applicability of
equilibrium statistical mechanics. Thermodynamic length analysis, a nonequi-
librium framework based on the differential geometry of macroscopic thermo-
dynamics, relates a non-equilibrium property (dissipation) to equilibrium
properties (equilibrium fluctuations and their relaxation time). It thus prom-
ises a computationally and experimentally tractable method to understand
non-equilibrium thermodynamic efficiency. Herein we demonstrate that the
thermodynamic length framework follows directly from the assumptions of
linear response theory. Uniting these two frameworks promises the dual
advantages of providing thermodynamic length analysis a firmer statistical
mechanical grounding, and equipping linear response theory with a metric
structure to facilitate the prediction and discovery of optimal (minimum
dissipation) paths in complicated free energy landscapes. To explore the
applicability of this theoretical framework, we examine its accuracy for
simple bistable systems, parametrized to model single-molecule force-exten-
sion experiments. Through analytic derivation of the equilibrium fluctuations
524a Wednesday, March 9, 2011and numerical calculation of the dissipation and relaxation time, we verify
that thermodynamic length analysis (though derived in a near-equilibrium
limit) provides a strikingly good approximation even far from equilibrium,
and thus provides a useful framework for further study of biomolecular motor
efficiency.
2851-MiniSymp
Adaptive Steered Molecular Dynamics: Unfolding of Neuropeptide Y and
Decaalanine Stretching
Gungor Ozer1, Stephen Quirk2, Rigoberto Hernandez1.
1Georgia Institute of Technology, Atlanta, GA, USA, 2Kimberly-Clark
Corporation, Atlanta, GA, USA.
The energetics of an unfolding event can be obtained using steered molecular dy-
namics (SMD) and Jarzynski’s inequality with the cost of the calculation increas-
ing dramatically with the length of the path. An adaptive algorithm has been
introduced* that allows for the path to be nonlinear and staged while reducing
the computational cost. The potential of mean force (PMF) obtained for neuropep-
tide Y (NPY) inwater along an unfolding path confirmed that themonomeric form
of NPY adopts the pancreatic-polypeptide (PP) fold. Adaptive SMD can also be
used to reconstruct the PMFobtained earlier for stretching decaalanine in vacuum#
at lower computational cost. The PMF for stretching decaalanine in water solvent
(using the TIP3P water potential) at 300K has now been obtained using adaptive
SMD.Not surprisingly, the stabilization from thewater solvent reduces the overall
work required to unfold it. However, the PMF remains structured suggesting that
some regions of the energy landscape act partially as doorways.
*G. Ozer, E. Valeev, S. Quirk and R. Hernandez, J. Chem. Theory Comput.
(2010),
doi:10.1021/
ct100320g.
#S. Park and K.
Schulten, J.
Chem.
Phys.120, 5946
(2004).2852-MiniSymp
Non-Equilibrium Work Dissipation in Mechanical Unfolding of Large
RNAS
Pan T.X. Li.
University at Albnay, SUNY, Albany, NY, USA.
Non-equilibrium thermodynamics is indispensible in studying mechanical un-
folding of single RNA molecules. In a typical experiment, single RNA mole-
cules are pulled and relaxed at fast loading/unloading rate that structure
transitions occur under non-equilibrium. Work dissipation is reflected by hys-
teresis between forward and reverse trajectories in force-extension curve. Li-
gand and protein binding can stabilize a specific domain within a large RNA,
which further complicates work dissipation in mechanical unfolding. Using ex-
periment and simulation, we examined mechanical unfolding of large RNAs
containing secondary and tertiary folding. The RNAs follow hierarchical fold-
ing pathways. Secondary structure forms before tertiary contacts, and tertiary
interaction is disrupted before unfolding of secondary structure. Factors that se-
lectively bind and stabilize tertiary structure lead to increased work dissipation
by protecting secondary structure from unfolding. Furthermore, work dissipa-
tion is quantified as a function of pulling rate and factor binding.
2853-MiniSymp
Atomistic Simulations of the Force-Induced Dissociation of Retroviral
RNA Kissing-Loops
Alan A. Chen, Angel E. Garcia.
Rensselaer Polytechnic Institute, Troy, NY, USA.
Retroviruses require two copies of their ssRNA genomes in order to form infec-
tious virus particles. This is accomplished via a Dimerization Initiation Site
(DIS), which forms a rivet-like ‘‘kissing-loop’’ that binds the two genomes to-
gether. Retroviral DIS kissing-loops have been shown to be unusually resistant
to heat denaturation or mechanical pulling, given the small number (2-6) of
Watson-Crick base-pairs involved. High mechanical stability is apparently re-
quired for retroviral fitness, as mutations that destabilize the DIS loop in-vitro
also result in greatly reduced virus infectivity rates in-vivo. DIS kissing-loops
are therefore attractive targets for antiretroviral therapeutic design; however,
we must first understand the physical determinants that give rise to enhanced
DIS kissing-loop stability.
The Moloney Murine Leukemia Virus (MMLV) serves as a particularly tracta-
ble model system due to its simplicity, as it composed of two GACG tetraloops
held together by just two intermolecular base-pairs. Single-molecule pulling
experiments (by Pan Li at SUNY Albany) have shown that it requires as
much force to break these two loop-loop base pairs as is required to unfoldan entire 11-bp hairpin. Using a combination of equilibrium and non-
equilibrium all-atommolecular dynamics simulations, we have developed a de-
tailed model for the kinetic intermediates of the force-induced dissociation of
the MMLV DIS kissing-loop. We find that the transition state geometry allows
for an equal distribution of the applied force among all of the intermolecular
hydrogen-bonds, which is intrinsically more stable that the sequential h-bond
breaking exhibited by simple RNA hairpins. In addition, we observe that stack-
ing interactions with adjacent, unpaired loop adenines are able to further stabi-
lize the complex, and that the breaking of these stacking interactions are the
rate-limiting step for force-induced dissociation of the MMLV DIS complex.
2854-MiniSymp
An Intrusive Entropic Barrier Induced by Force
Ronen Berkovich1, Sergi Garcia-Manyes1, Joseph Klafter2,
Michael Urbakh2, Julio M. Fernandez1.
1Columbia University, New-York, NY, USA, 2Tel Aviv University,
Tel Aviv, Israel.
Single-molecule force spectroscopy has opened up new approaches to the study
of protein dynamics. For example, an extended protein folding after an abrupt
quench in the pulling force was shown to follow variable collapse trajectories
marked by well-defined stages that departed from the expected two-state fold-
ing behavior that is commonly observed in bulk. Here, we explain these obser-
vations by developing a simple approach that models the free energy of
a mechanically extended protein as a combination of an entropic elasticity
term and a short-range potential representing enthalpic hydrophobic interac-
tions. The resulting free energy of the molecule shows a force-dependent en-
ergy barrier of magnitude, DE = e(F - Fc)3/2, separating the collapsed state
of the molecule from a force-driven extended conformation, that vanishes at
a critical force Fc. By solving the Langevin equation under force quench con-
ditions, we generate folding trajectories corresponding to the diffusional col-
lapse of an extended polypeptide that mimics those observed experimentally.
Further we apply this model to force extension conditions in order to investi-
gate the role played by the force-induced energy barrier on the two-state hop-
ping phenomena that has been observed in single protein molecules placed
under a stretching force. Langevin dynamics across such force induced barrier
readily demonstrates the hopping behavior observed for a variety of single mol-
ecules placed under force. Our model interprets AFM force-clamp data and ac-
counts as well for force-extension and hopping observed in optical tweezers,
thus unifying the field of protein force spectroscopy. Moreover, given that
this barrier does not exist at zero force, extrapolating hopping trajectories to
zero force could not be compared to bulk measurements.
2855-MiniSymp
Building Stochastic Feedback Models from Limited Data; A Maximum
Entropy-Based Solution
Steve Presse.
University of California, San Francisco, South San Francisco, CA, USA.
We present a general, maximum entropy-based method for modeling stochastic
feedback dynamics of small chemical and biochemical systems. Our method,
Maximum Caliber, uses experimental data in the form of dynamical averages
and correlations to construct ensembles of system trajectories. These theoreti-
cal ensembles are used to infer long-time dynamics from short-time trajecto-
ries. In particular, the method does not have to invoke complex reaction
schemes to predict dynamical features such as multistability. On the other
hand, traditional stochastic modeling methods often require knowledge of rates
and reaction networks. Such parameters are rarely validated independently of
the experimental curve-fitting. Maximum Caliber requires both fewer assump-
tions regarding the reaction network and fewer parameters to capture the effects
of feedback. We demonstrate the principle on the genetic toggle switch and the
circadian clock.
Platform BC: Interfacial Protein-Lipid
Interactions
2856-Plat
Lung Surfactant Peptide-Mimic KL4 Improves Reversibility of Synthetic
Model Lung Surfactant Collapse Behavior
Niels Holten-Andersen1, Phillip W. Miller1, Alan J. Waring2,
Frans J. Walther3, Ka Yee C. Lee1.
1The University of Chicago, Chicago, IL, USA, 2UCLA and UC Irvine,
Los Angeles and Irvine, CA, USA, 3LA Biomedical Research Institute,
Harbor-UCLA, Torrance, CA, USA.
We have investigated the origin of the effect of the peptide KL4 on lung
surfactant lipid monolayers containing DPPC and POPG. Using surface bal-
ance techniques, fluorescence microscopy and atomic force microscopy we
